An animal's survival depends on finding food, and the memory of food and contexts are often 23 linked. Given that the hippocampus is required for spatial and contextual memory, it is 24 reasonable to expect related coding of space and food stimuli in hippocampal neurons.
Electrophysiological recordings were conducted using a SpikeGadgets system (Tang et al., 154 2017). Spikes were sampled at 30 kHz and bandpass filtered between 600 Hz and 6 kHz. Local 155 field potentials (LFPs) were sampled at 1.5 kHz and bandpass filtered between 0.5 and 400 Hz.
156
During recording sessions, the animal's position and speed were recorded using an overhead 157 monochrome CCD camera (30 fps) and tracked by LEDs affixed to the headstage.
159
Over ~14 d following surgery, tetrodes were gradually advanced to the CA1 hippocampal 160 cell layer, as identified by characteristic EEG patterns (sharp-wave ripples, or SWRs; theta 161 rhythm) as previously described (Jadhav et al., 2012; Jadhav et al., 2016; Tang et al., 2017) .
162
Tetrodes were readjusted after each day's recordings. Each animal had one hippocampal 163 reference tetrode in corpus callosum, which was also referenced to a ground screw installed in 164 the skull overlying cerebellum.
166
Single units were isolated offline based on peak amplitude and principal components 167 (Matclust, M.P. Karlsson). Only well-isolated units with stable waveforms that fired at least 100 168 spikes per session were included in our analysis. Putative interneurons (Int) were identified on 169 the basis of firing rate (> 8.5 Hz) and spike width (< 0.35 ms) parameters (Figure 1D) , as 170 characterized previously (Jadhav et al., 2016; Tang et al., 2017) . All other isolated units were 171 classified as pyramidal cells (Pyr) . We isolated a total of 482 neurons from five rats, conducted 172 across nine experiments. Table 1 shows the distribution of cells across all five animals. SWRs were detected as previously described (Jadhav et al., 2016; Tang et al., 2017) using the 180 ripple-band (150-250 Hz) filtering of LFPs from multiple tetrodes. A Hilbert transform was used 181 to determine the envelope of band-passed LFPs, and events that exceeded a threshold (mean 182 + 3 SD) were detected. SWR events were defined as the times around initially detected events 183 when the envelope exceeded the mean. SWR periods were excluded from place field analysis, 184 similar to previous studies (Jadhav et al., 2016; Tang et al., 2017) .
186
Palatability/preference data 187 Taste palatability was assessed using a brief-access task (BAT, Davis Rig Gustometer, Med
188
Associates; for details, see Sadacca et al., 2016) in a separate cohort of adult male rats (n = 7)
189 that underwent the same water restriction protocol as the rats used in the recording experiment.
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8 Consumption data were averaged across two testing days for each animal. The palatability rank 191 order determined by the brief-access test (S > N > W > Q, see Figure 5C ) matches what has 192 been observed in numerous studies across a broad range of stimulus delivery methods and 193 assessment techniques (Travers and Norgren, 1986; Breslin et al., 1992; Clarke and 194 Ossenkopp, 1998; Fontanini and Katz, 2006; Sadacca et al., 2016) . where i is the bin number, P i is the probability of occupancy for bin i, R i is the mean firing rate for 212 bin i, and R is the overall mean firing rate of the cell (Skaggs et al., 1993) .
214
Page 9 of 38 9 Unpaired t-tests were used to determine whether the average spatial information content 215 differed significantly between taste-responsive and non-taste-responsive neurons of each cell 216 type (Figure 3B ; pyramidal cells: n = 65 taste-responsive cells, n = 376 non-taste-responsive 217 cells; interneurons: n = 31 taste-responsive cells, n = 10 non-taste-responsive cells).
219
In-field vs. out-of-field analysis:
220
To analyze how place cells responded to tastes delivered inside or outside of their place fields 221 (Figure 4) , only pyramidal cells exhibiting place-specific activity (n = 395 cells, defined as 222 neurons whose peak rate exceeded 1 Hz and spatial information content exceeded 0.2 223 bits/spike, similar to Moita et al., 2003) were considered. The in-field region of each cell's place 224 field was defined as the largest cluster of neighboring bins with a firing rate exceeding 20% of 225 the peak rate, with all other bins defined as out-of-field (Brun et al., 2002) . Only place cells that 226 contained at least ten in-field and out-of-field taste delivery trials were included in this in-field vs.
227
out-of-field analysis (n = 26 taste-responsive cells, n = 153 non-taste-responsive cells). A one-
228
way ANOVA was used to assess differences between the average in-field and out-of-field eta- 
232
Taste response properties:
233
The pseudo-randomized taste delivery paradigm used to characterize hippocampal responses 234 to tastes is described above (see Passive taste administration paradigm). Taste responses were 235 characterized separately for each of the 482 isolated neurons, focusing on the 2500 ms of 236 spiking activity following each taste delivery, a time period that includes previously identified 237 taste-related responses, but precedes swallowing behaviors that remove tastes from the tongue 238 and make neural responses difficult to interpret (Travers and Norgren, 1986; Katz et al., 2001) .
239
We analyzed a set of response properties ranging from general to specific, as have been identified in other parts of the taste system, including the GC (Katz et al., 2001; Sadacca et al., 241 2012), BLA (Fontanini et al., 2009; Piette et al., 2012), and LH (Li et al., 2013) . Neurons were 242 classified as "taste-responsive" (see Table 1 for summary) if they exhibited responses to taste 243 presence, identity and/or palatability, as described below. All other neurons were classified as 244 "non-taste-responsive." All statistical tests were performed in MATLAB and evaluated at a level 245 of p = 0.05 unless otherwise specified, with a Bonferroni correction applied for multiple 
256
Next, responses to taste identity (Figure 5B , dark gray lines), in which at least one taste 257 can be discriminated from the others, were assessed by determining if the evoked responses to 258 the four tastes (this time, collated across the 50 deliveries of each unique taste) differed from 259 each other. We employed a similar strategy as the one used to evaluate taste responsiveness, 260 except in this case, the main effect for taste was considered.
262
Finally, responses to taste palatability (Figure 5D) , which reflected the relative hedonic 263 value of tastes as assessed in the BAT (see Figure 5C and Palatability/preference data) were 264 computed using a rank correlation (R 2 ) between the evoked response and the palatability of the 265 associated taste. Specifically, neurons whose evoked firing rates matched the ranking of taste preference (S > N > W > Q) in increasing or decreasing order had higher palatability index 267 scores.
269
Taste selectivity:
270
The magnitude of taste responsiveness for each cell was quantified using eta-squared (η 2 ), a 271 standard measure of ANOVA effect sizes that describes the proportion of variance in a firing emerged in the population response following taste delivery, with significance assessed at 298 the p = 0.01 level comparing the neural data to 10,000 instances of firing-rate-shuffled controls 299 ( Figure 6D ).
301
Speed and position controls:
302
To ensure that hippocampal responses to tastes were not actually caused by overall differences 303 in movement following taste delivery or in response to different tastes, we used a one-way
304
ANOVA to compare the average speed and distance traveled during the pre-vs. post-taste 305 period (2.5 seconds before or after taste delivery, segmented into 500 ms bins with a 50 ms 306 step size) across all tastes (n = 1800 total trials across 9 sessions), as well as separately for 307 each of the four tastes (n = 450 trials of each taste across 9 sessions).
309

Results
311
Hippocampal place cells and interneurons respond to tastes.
312
We examined taste responses in a total of 482 CA1 neurons recorded across nine sessions in 313 five rats (mean ± SEM: 53.6 ± 5.34 neurons/session) that received a battery of four standard 314 tastes via IOC (Figure 1A) . Tastes were delivered in random order and timing as rats explored 315 the behavioral chamber, leading to a varied distribution of taste delivery locations (Figure 1B) .
316
Histology confirmed that the majority of our tetrodes were located intermediately along the proximodistal axis of dorsal CA1 (Figure 1C ; Henriksen et al., 2010) . Isolated single neurons 318 were classified as either pyramidal cells (91.5%, 441/482) or interneurons (8.5%, 41/482) on the 319 basis of baseline firing rates and action potential shape (Figure 1D ).
321
In total, 395 of the 441 pyramidal neurons were classified as place cells using standard 
329
A cell was considered "taste-responsive" if significant firing rate modulations were 330 evoked by taste presence, identity, and/or palatability (see Figure 5 for more details). In total, 331 96/482 (19.9%) cells were classified as taste-responsive, which is similar to the proportion 332 reported in the only previous study to assess taste responses in individual hippocampal neurons 333 (Ho et al., 2011) . We found taste-responsive and unresponsive units on tetrodes across the 334 proximodistal axis of dorsal CA1 (n = 50/60 tetrodes with taste-responsive units). contrast, the PSTHs for non-taste-responsive cells (Figure 2A, 2C) show no differences in 342 evoked activity from baseline (black dashed line) or between tastes (colored lines).
Since hippocampal activity is affected by animals' location and movement, one possible 345 explanation of these results is that different tastes have different impacts on animals' motor 346 behavior, and that therefore any perceived "taste"-evoked responses can simply result from 347 changes in the animal's speed or position (O'Keefe, 1999; Shan et al., 2016) . To control for this 348 possibility, we assessed differences in rats' preand post-taste speed and position, both overall 349 and between each of the four tastes. We found no differences in the average speed (before 350 taste delivery: 1.07 ± 0.031 cm/s, after taste delivery: 1.12 ± 0.029 cm/s; one-way ANOVA, p = 351 0.29) or distance traveled (before taste delivery: 1.57 ± 0.050 cm, after taste delivery: 1.59 ± 352 0.045 cm; one-way ANOVA, p = 0.74) in the 2.5 seconds preceding and following taste 353 deliveries; the same was true when trials were split up by taste identity (post-pre taste delivery 354 speed: saccharin: -0.081 ± 0.063 cm/s, NaCl: 0.037 ± 0.061 cm/s, quinine: 0.11 ± 0.061 cm/s, 355 water: 0.12 ± 0.070 cm/s; one-way ANOVA, p = 0.10; post-pre taste delivery distance:
356 saccharin: -0.0026 ± 0.11 cm, NaCl: -0.029 ± 0.11 cm, quinine: 0.093 ± 0.093 cm, water: 0.027 357 ± 0.11 cm; one-way ANOVA, p = 0.86). Therefore, it is unlikely that hippocampal responses to 
362
We found that 14.7% of place cells (n = 58/395 cells) had significant responses to tastes; a far-363 higher percentage of interneurons (75.6%; n = 31/41 cells) were taste-responsive (Figure 2) .
364
The significance of this larger likelihood of taste-responsiveness amongst spatially diffuse 365 interneurons than in spatially-specific place cells (chi-square test, χ 2 = 84.87, p = 3.19e-20)
366
suggests that taste responsiveness depends on the spatial firing properties of hippocampal 
375
(extending from 500 ms before to 2500 ms after taste delivery) omitted from the analysis. As 376 expected, place cells had a much higher average spatial information content (1.30 ± 0.034 377 bits/spike; higher values = smaller, more concentrated regions of enhanced firing) than 378 interneurons (0.12 ± 0.034 bits/spike; unpaired t-test, p = 2.61e-25). Therefore, taste responses
379
(which were found predominately in interneurons) were associated with lower spatial information 380 contents.
382
This same pattern was found to hold even within each cell type, however: cells with 383 stronger taste-evoked responses tended to exhibit weaker spatial responses (Figure 3B ) in 384 analyses restricted to place cells (taste-responsive: 0.91 ± 0.050 bits/spike; non-taste-385 responsive: 1.37 ± 0.038 bits/spike; unpaired t-test, p = 1.03 e-06) and interneurons (taste-386 responsive: 0.065 ± 0.040 bits/spike; non-taste-responsive: 0.29 ± 0.015 bits/spike; unpaired t-387 test, p = 0.0027), as illustrated by the larger place fields and more evenly distributed interneuron 388 firing maps in Figure 3A . There was a negative correlation between spatial information content 389 and magnitude of taste responsiveness (eta-squared, orη 2 ) within each cell type (place cells:
390
Pearson correlation, R= -0.18, p = 3.27e-04; interneurons: Pearson correlation, R= -0.58, p = 391 5.95e-05), confirming that hippocampal neurons that respond strongly to taste delivery tend to 392 have more diffuse firing in space.
393
The above analysis implies that while place cells tended to exhibit fewer and lower-395 magnitude taste responses than interneurons, a subset of place cells exhibited taste-specific 396 firing (n = 58/395 cells; example in Figure 2B) . 
428
Previous work has shown that taste-specific firing in GC neurons evolves through three stages:
429
following an initial, nonspecific response to taste presence, a discriminative response conveys 
441
Many hippocampal neurons responded nonspecifically to taste presence, providing 442 information that could allow for the detection of tastants on the tongue (Figure 5A) . In a subset 443 of these cells, responses were more discriminative, providing information about taste identity 
449
Closer examination revealed that the patterning of both of these responses reflected 450 taste palatability across the entirety of the periods of taste-specific firing (Figure 5D ).
451
Responses to taste palatability were assessed, as is typical in studies of taste temporal coding 452 (Li et al., 2013; Baez-Santiago et al., 2016; Sadacca et al., 2016) , in terms of the correlation 453 between neuronal firing rates and the order of taste preference, which was assayed in a brief-454 access task (Li et al., 2013; Monk et al., 2014; Sadacca et al., 2016) run on a separate cohort of 455 experimental rats (Figure 5C) . The observed order of taste preference (S > N > W > Q) shown
456
in Figure 5C is consistent with that observed across a broad range of stimulus delivery methods 457 and assessment techniques (Travers and Norgren, 1986; Breslin et al., 1992 ; Clarke and 458 Ossenkopp, 1998; Fontanini and Katz, 2006; Sadacca et al., 2016) . Figure 5B , which marks the period of significantly taste-specific firing).
467
Again, the examples shown in Figure 5 suggest that, like responses observed in limbic 468 structures (i.e., BLA and LH; Fontanini et al., 2009; Li et al., 2013) but unlike those in the main 469 taste axis (i.e., GC and PbN; Sadacca et al., 2012; Baez-Santiago et al., 2016) , hippocampal 470 taste responses do not go through a period of "pure" taste specificity prior to becoming 471 palatability-related. These appearances were borne out in an analysis of the entire neural dataset. Figure 6A shows, similar to what has been observed in all other parts of the taste 473 system (Katz et al., 2001; Sadacca et al., 2012; Baez-Santiago et al., 2016; Fontanini et al; 474 2009; Li et al., 2013) , that totally non-specific responses to taste presence emerged first in 486 regression slope: 0.92, p = 8.68e-06) with no significant differences between onset times
487
(paired t-test, p = 0.83), suggesting that these properties arose simultaneously in single-unit 488 responses.
490
Finally, we performed PCA by pooling responses of identity-responsive cells (n = 36 491 cells) to examine population dynamics. This analysis revealed that tastes are discriminated 492 based on palatability, as shown by significant encoding of palatability rank (here, in reverse 493 order as shown in Figure 5C ) by the principal components starting at ~1.4 s after stimulus 494 delivery (Figure 6D) . PCA of the palatability-responsive cells (n = 18 cells) showed the same 495 trend, with principal components for each of the four tastes separating at ~1.4 s following taste 496 delivery.
497
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We therefore conclude that hippocampal "taste codes" do not contain the purely identity-499 related component found in gustatory brainstem and cortex; rather, tastes are discriminated 500 solely based on hedonic value. In this regard, hippocampal responses are similar to those 501 observed in other non-cortical parts of the taste system, such as the BLA (Fontanini et al., 2009) 502 and LH (Li et al., 2013) ; notably, however, palatability coding appears in hippocampus much 503 later than it appears in these other limbic structures-a difference that likely has strong 504 implications for the potential roles of the hippocampus in taste (see Discussion below). Our findings suggest that place and taste responses can co-exist within the same hippocampal 509 neurons, and that these two response modalities influence one another. Taste-responsive cells 510 tended to have less spatially specific firing fields (Figure 2, 3) . On the other hand, place cells 511 that responded to tastes did so in a spatially specific manner (Figure 4) , with responses only 512 occurring within that cell's place field. Hippocampal neurons discriminated between tastes at 513 relatively long latencies and purely on the basis of palatability (Figure 5, 6) ; these findings 514 confirm additional analyses suggesting that these responses likely do not simply reflect changes 
521
In total, about 20% of recorded hippocampal cells in our study were classified as taste-522 responsive (Figure 2) , which is similar to the proportion reported in the only previous study to 523 assess taste responses in individual hippocampal neurons (Ho et al., 2011) . This result confirms 524 that the hippocampus contains a smaller fraction of taste-responsive neurons than that 525 observed in brain regions traditionally considered to be part of the taste system, including the 526 GC (Katz et al., 2001) , BLA (Nishijo et al., 1998; Fontanini et al., 2009; Moran and Katz, 2014) , 
22
Unlike what has been observed in GC (Katz et al., 2001; Sadacca et al., 2016) and PbN 533 (Baez-Santiago et al., 2016) , we found little evidence of pure sensory coding in the 534 hippocampus in this passive administration paradigm. Instead, hippocampal neurons distinguish 535 between tastes based on palatability (Figure 6) , similar to other limbic structures belonging to 536 the taste system such as the BLA (Fontanini et al., 2009) and LH (Li et al., 2013) . However, 537 palatability-related hippocampal coding emerges much later than that observed in BLA or LH 538 (Fontanini et al., 2009; Li et al., 2013) , and quite likely after the time (although more direct 539 measurements must be taken to ascertain this) that animals make decisions about palatability-540 related orofacial behaviors (Li et al., 2016; Sadacca et al., 2016) . These results support the idea 541 that the hippocampus does not contribute to an animal's decision to consume or expel a given 542 taste; rather, it responds to the hedonic value of tastes consumed within a particular context.
543
This could serve as a means of associating tastes and places, allowing animals to use past 544 experience to locate food sources.
546
While spatial learning is indisputably considered to be a hippocampal-dependent 547 process (Morris, 1984; Burgess et al., 2002; Moser et al., 2008) , the role of the hippocampus in 548 non-spatial taste learning is less clear-cut. Forms of taste learning such as conditioned taste 549 aversion (the process by which a pleasant taste becomes aversive following its association with 550 gastric distress) and latent inhibition (the reduction of conditioned aversion following safe pre-551 exposure to a taste) were once considered to be hippocampal-independent because these 552 behaviors can persist following permanent hippocampal lesions (Gallo and Candido, 1995;  553 Yamamoto et al., 1995; Molero-Chamizo and Moron, 2015) . Other studies reveal a role for 554 hippocampus in taste learning, for instance, during social transmission of food preferences 555 (Bunsey and Eichenbaum, 1995; Countryman et al., 2005) , but report a variety of specific 556 behavioral effects depending on the method of perturbation used (Miller et al., 1986; Reilly et 557 al., 1993; Stone et al., 2005; Chinnakkaruppan et al., 2014) . Future studies in which individual neurons are recorded during taste learning, which have been informative when focused on other 559 nodes of the taste system (Grossman et al., 2008; Lavi et al., 2018) , may help to decipher how 560 the hippocampus encodes tastes and contexts to guide future food choices.
562
Hippocampal taste responses are almost entirely gated by the neurons' spatial firing 563 properties (Figure 3, 4) . Our finding that place cells only respond to tastes delivered within their 564 place field (Figure 4) 
575
Whatever the relationship between spatial and gustatory firing, more hippocampal 576 interneurons-by their very nature, non-place cells-respond to non-spatial stimuli than place 577 cells (Figure 3) . This result is consistent with studies that measured responses to tones during 
602
There is strong evidence that the behavioral relevance of sensory stimuli within a task 603 influences what proportion of hippocampal neurons respond to non-spatial cues. In our study, 604 rats passively received tastes via IOC, a paradigm that requires no learning, other than 605 associating tastes with a context for the first time. The total proportion of taste-responsive 606 neurons in our study (~20%, Figure 2) is comparable to the proportion of tone-responsive cells 
